Alcaligenes eutrophus A5 catabolizes biphenyl to CO2 via benzoate and 4-chlorobiphenyl to 4-chlorobenzoate. In curing and conjugation experiments, the A5 endogenous 51-kb IncP1 plasmid pSS50 was found to be dispensable for biphenyl and 4-chlorobiphenyl catabolism. Transfer of the biphenyl-and 4-chlorobiphenyldegrading phenotype by means of pSS50 was observed at a frequency of 10-5 per transferred plasmid in matings of A5 with other A. eutrophus strains. Transconjugants harbor enlarged pSS50 derivatives which contain additional genetic information governing the oxidation of biphenyl and 4-chlorobiphenyl to benzoate and 4-chlorobenzoate and originating from the chromosome of strain A5. Genes encoding enzymes that degrade polychlorinated biphenyls (PCBs) have been found on both bacterial chromosomes and plasmids. The molecular cloning of chromosomal genes involved in PCB metabolism has been reported previously (1, 8, 10, 17, 18) . The genetic basis of plasmidmediated degradation has yet to be developed (9, 14, 29) , and this genetic basis may provide information on how such catabolic pathways evolved and spread in the environment (22).
Genes encoding enzymes that degrade polychlorinated biphenyls (PCBs) have been found on both bacterial chromosomes and plasmids. The molecular cloning of chromosomal genes involved in PCB metabolism has been reported previously (1, 8, 10, 17, 18) . The genetic basis of plasmidmediated degradation has yet to be developed (9, 14, 29) , and this genetic basis may provide information on how such catabolic pathways evolved and spread in the environment (22) .
Alcaligenes eutrophus A5 was isolated from PCB-contaminated river sediment at Fort Loundoun Reservoir, Knoxville, Tenn., for its ability to utilize 4-chlorobiphenyl (4CBP) as a growth substrate (29) . A5 catabolizes 4CBP to 4-chlorobenzoate (4CBA) and biphenyl (BP) to CO2 via benzoate (BA). The appearance of a yellow cleavage intermediate (A437) during 4CBP and BP degradation (31) suggests that A5 metabolizes 4CBP and BP to 4CBA and BA via the catabolic pathway described by Furukawa et al., which includes metacleavage of a 2,3-dihydroxybiphenyl compound ( Fig. 1 ) (11) . Strain A5 carries the 51-kb large IncP1 plasmid pSS50, whose characteristics and restriction map are described elsewhere (2, 14, 19) . pSS50 is a remnant of a 75-kb plasmid which lost a 4-CBA dehalogenase activity converting the compound top-hydroxybenzoate and originally enabling A5 to mineralize 4CBP to CO2 (19) .
So far, it is not clear whether pSS50 still plays a role in the catabolism of 4CBP and BP to 4CBA and BA. We found that transfer of the ability to use 4CBP and BP as the sole sources of carbon and energy (Bph+ Cbp+) from A5 to other A. eutrophus strains occurred at a low frequency and was accompanied by the appearance of an enlarged pSS50 plasmid in the transconjugants (32) . The present article reports the genetic analysis of these enlarged pSS50 derivatives and shows that the genes involved in the degradation of BP and * Corresponding author.
4CBP to BA and 4CBA in A5 are carried on a chromosomally located element which is able to transpose on pSS50 and other plasmids.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture media. Bacterial strains and plasmids used in this study and their characteristics are listed in Table 1 . A. eutrophus A5 can utilize 4CBP and BP as sole sources of carbon and energy (28, 30) . The strain A5.23 pSS50::Tn4431 plasmid was isolated by mating A5 with Escherichia coli CM601, which carries the Tn4431-delivering plasmid pUCD623 (28) , and by direct transposition of Tn4431 onto pSS50.
AE1085 is a Rec-mutant, sensitive to methyl methanesulfonate and UV light, of A. eutrophus AE104 and was isolated after TnS-Tc transposon mutagenesis. The strain was shown to stabilize plasmids containing the unstable transposon Tn4431 or chromosomal DNA. The corresponding mutation does not lie in recA, as it cannot be complemented by a plasmid containing a recA+ gene of A. eutrophus CH34 (36) .
All strains were grown at 30°C in Tris minimal medium (21) supplemented with the appropriate carbon source (gluconate or lactate, 0.5%, wt/vol). BP and 4CBP were added as crystals to the lid of a petri dish when used as the carbon and energy sources. Where necessary, heavy metals (Ni, 1 mM; Zn, 2 mM) and the required amino acids and vitamins were supplemented as described previously (21) . E. coli strains were grown in 869 rich medium (21) at 37°C. Where appropriate, the antibiotics rifampin, tetracycline, and kanamycin were used at concentrations of 100, 25, and 50 ,ug/ml, respectively.
Chemicals. BP was obtained from Janssen Chimica, Beerse, Belgium, 4CBP was obtained from Ventron, Karlsruhe, Germany, and 2,3-dihydroxybiphenyl was obtained from Sopar-Biochem, Brussels, Belgium.
( 1) ( Bacterial matings. Donor and recipient strains were grown at 30'C in nutrient broth. Plate matings occurred as described by Lejeune et al. (20) .
Molecular biology. Crude preparations of plasmid DNA were obtained as described by Kado and Liu (16) . A. eutrophus plasmid DNA for restriction analysis was obtained by a modification of this procedure. A 50-ml overnight culture was centrifuged, and the pellet was washed with an acetate buffer (40 mM Tris-acetate, 2 mM EDTA [pH 7.9]). Cells were resuspended in 3 ml of the same buffer and lysed with 6 ml of lysis solution (8. Plasmid DNA for restriction analysis from E. coli was obtained by a modified version of Birnboim and Doly's method as described by Ish-Horowicz and Burke (15) . Total genomic DNA was prepared by a standard small-scale procedure described by Hofte et al. (13) hybridization with a PvuII fragment of RP4 which comprises the oniV and Tcr loci used as a probe.
RESULTS
The presence of pSS50 is not necessary for growth of strain A5 on BP and 4CBP. In order to examine the role of pSS50 in catabolism of 4CBP and BP to their corresponding benzoic acids, A5 was cured from pSS50 by introducing the incompatible IncP1 plasmid RP4 into the strain. Twenty Tcr A5 transconjugants were examined. All contained RP4 and were cured from pSS50 (see Fig. 2 ), but all were able to grow on BP and 4CBP.
In addition, pSS50 was marked with transposon Tn4431 (Tcr lux). The constructed A5 derivative, strain A5.23, was still able to utilize both BP and 4CBP as carbon sources. Transfer of the Tcr marker by means of the pSS50::Tn4431 plasmid to other bacteria, such as E. coli HB101, Pseudomonasputida KT2441, andA. eutrophus CH34, occurred at high frequencies (up to 20% per recipient) (see Table 2 ). However, none of the transconjugants tested had acquired the ability to grow on BP or 4CBP.
These results confirmed that pSS50 is indeed dispensable for the expression of BP and 4CBP catabolism in strain A5. pSS50 can mobilize genes involved in BP and 4CBP catabolism. Transfer of Bph+ Cbp+ from strain A5 to other A. eutrophus strains was observed at a frequency of 10-6 (32) . Additional matings between A5 or A5.23 and other A. eutrophus strains gave identical results. Gas chromatography-mass spectrometry demonstrated the accumulation of 4CBA in 4CBP-growing cultures of these transconjugants (data not shown). No Bph+ Cbp+ transconjugants were observed in matings of A5 with P. putida ( Table 2) .
Independently obtained Bph+ Cbp+ A. eutrophus transconjugants such as AE782, AE707, AE711, and AE860 all contained an enlarged pSS50 plasmid ( Table 3 ). The plasmids were designated pSSD50, pSSD51, pSSD52, and pSSD54, respectively. Transfer of Bph+ Cbp+ from strains bearing these enlarged pSS50 plasmids to A. eutrophus AE815 occurred at a high frequency (10-1) ( Table 3 ), demonstrating that the additional piece of DNA in the pSSD plasmids is necessary to confer a Bph+ Cbp+ phenotype on the host.
Genetic evidence for a transposon encoding degradation of BP and 4CBP in A. eutrophus A5. When RP4 was mated from E. coli CM140 into AE707 carrying pSSD51, most Tcr transconjugants were cured from pSSD51 and had lost the Bph+ Cbp+ phenotype. However, one transconjugant (AE868) had lost pSSD51, gained RP4, and could degrade BP and 4CBP, suggesting that the BP-and 4CBP-degrading genes might have moved onto the chromosome of AE707. Further evidence for the occurrence of transposition of BP and 4CBP degradation genes was obtained by transferring Bph+ Cbp+ from AE868 to AE815 and from A5.79 to CH34 by means of RP4. In both matings, RP4 (Tcr) transferred at a frequency of 10-1 to 10-2, whereas transfer of Bph+ Cbp+ happened at a frequency of 10'-to 10-6. The frequencies of transposition were determined to be approximately 10-4 to 10-5 (Table 4 ). All Bph+ Cbp+ transconjugants carried an enlarged RP4 plasmid. Phenotypic analysis of 300 Bph+ Cbp+ transconjugants carrying an enlarged RP4 plasmid revealed 6 demonstrating sensitivity to kanamycin, indicating that the putative transposon had become inserted into the Kmr determinant of RP4.
In addition, pSSD50 Tn4431 transposon mutagenesis led to a pSSD50::Tn4431 plasmid which was maintained in E. coli but not in A. eutrophus. Bph+ Cbp+ could be transferred from the E. coli strain (CM818) to A. eutrophus, indicating transposition of Tn4371 from the plasmid onto the chromosome in the transconjugants. When the pSSD50:: Tn4431 plasmid was transferred from E. coli CM818 into a rec::TnS-Tc mutant of A. eutrophus AE104 (AE1085) (35), seven of nine of the transconjugants harbored the pSSD50::Tn4431 plasmid. In the two others, Tn4371 became integrated into the chromosome. This result showed that Tn4371 is able to transpose in a Rec-strain ofA. eutrophus.
Molecular evidence for a transposon encoding BP and 4CBP degradation in A. eutrophus AS. Figure 3 shows the EcoRI restriction patterns of pSS50, RP4, and their enlarged derivative plasmids, whereas In the three enlarged RP4 derivatives examined, insertion occurred in the same region. The putative transposon was found to reside between the oniV and Tcr loci of RP4, which is an RP4 target site for some transposons (6, 26) . On the other hand, in Km' RP4 enlarged plasmids, insertion occurred in the Kmr determinant (Fig. 4) .
To interpret the restriction profile of the pSSD plasmids, a restriction map of the RP4 Bph+ plasmid of AE949 was compiled for the restriction enzymes KpnI, EcoRI, and SmaI (Fig. 5) . The restriction map revealed that the 3.7-kb EcoRI EG fragment is localized near one of the borders of the acquired DNA. This fragment was common to all enlarged plasmids. Therefore, taking into account the fact that pSSD51, pSSD52, pSSD54, and the enlarged RP4 plasmids all acquired the same amount of DNA and all contain several common newly derived DNA fragments, it seems reasonable to suggest that in all cases the same piece of DNA was involved.
As such, a unique, contiguous piece of DNA which carries genes involved in the catabolism of BP and 4CBP can transpose between different replicons and at different locations of the same replicon. Therefore, we designated the DNA segment Tn4371.
The central Ec fragment of Tn4371 (Table 5 ) from RP4::Tn4371 was used as a probe to determine whether Tn4371 indeed originated from strain A5. The probe hybridized with the total genomic DNA of AS but not with the plasmid DNA of pSS50 (Fig. 6 ). This confirmed the AS chromosomal origin of Tn4371.
Expression of the BP degradation genes of Tn4371 in different bacteria. Table 6 shows the ability of RP4::Tn4371 to transfer from E. coli CM844 to various bacterial genera and the growth response of RP4::Tn4371 containing transconjugant bacteria on BP. RP4: :Tn4371 conferred growth on BP when present in all the A. eutrophus strains tested, inAcinetobacter sp. strain ACS8, or in Pseudomonas stutzeri (although at a low growth rate), although the plasmid could be transferred and maintained in almost all strains tested. This was checked by plasmid extraction and back transferring of Bph+ to A. eutrophus AE815. On the other hand, most of the transconjugant strains produced the yellow cleavage product (HOPDA [2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoic acid]) when sprayed with a 0.1% 2,3-dihydroxybiphenyl diethyl ether solution.
When RP4::Tn4371 was introduced into DS185, an A. eutrophus strain which is not able to grow on BA (Ben-), the strain did not receive the ability to grow on BA, suggesting that Tn4371 contains only genes involved in the metabolism of BP to BA. (25) , which are present on the catabolic plasmids pP51 and pBRC6O, respectively, carry genes involved in haloaromatic degradation and are class I composite transposable elements, as they are flanked by two IS elements. In addition, dehalogenase genes are located on transposable elements in P. putida PP3 (30) , and IS elements seem to be involved in the degradation of 2,4,5-trichlorophenoxyacetic acid in P. cepacia AC1100 (12) . As has been found previously for antibiotic markers in clinical isolates, transposons and plasmids seem to play a major role in the spread and even the development of new catabolic pathways for the degradation of man-made chemicals recently introduced into the environment. In this context, van der Meer et al. (37) suggested that Tn5280, carrying genes for chlorobenzene dioxygenation, was recruited by a chlorocatechol catabolic plasmid, creating a replicon encoding the complete mineralization of chlorinated benzenes. Recently, pSS50-like plasmids were reported to carry a 4CBA dehalogenase activity (19) aprgeared on the selective plates).
-, no growth; +, high growth; (+), slow growth; ND, not determined.
, no production; +, high level of production; ND, not determined.
(4). As with other BP and 4CBP catabolic operons, such a gene set would include approximately 8 kb of DNA (1, 11, 17, 18) . If we assume that the genes involved in transposition-resolution would compose approximately 5 kb, 46 kb with an unknown function is left. We found that some parts of Tn4371 hybridize with the chromosome of A. eutrophus (31) . A clustering of catabolic operons involved in the degradation of aromatic compounds has been found on the chromosomes of P. putida, Pseudomonas aeruginosa, and Acinetobacter calcoaceticus (24, 27) . It would be interesting to see whether a similar gene organization exists in A. eutrophus and whether Tn4371 contains additional genes involved in aromatic-compound degradation. Tn4371 conferred good growth on BP only toA. eutrophus strains andAcinetobacter sp. strain ACS8. This could be due to the lack of suitable regulatory elements or uptake systems in other bacterial genera. Another explanation is that Tn4371 does not contain the complete information for catabolism of BP and 4CBP to BA and 4CBA and that some of the genes are chromosomally located in A. eutrophus and Acinetobacter sp. strain ACS8 but are lacking in other genera.
Our future work is concentrated on the elucidation of the genetic organization of Tn4371. A bphC-bphD gene cluster of Tn4371 encoding the degradation of 2,3-dihydroxybiphenyl to BA was recently cloned (4), whereas the genes involved in transposition are being characterized.
